We investigated the diagnostic potential of transcranial color-coded real-time sonography in 52 individuals using a phased-array ultrasound system with color-coded blood flow representation. Ultrasound scans in the axial and coronal planes were feasible through temporal acoustic bone windows in 49 subjects, enabling depiction of the main parenchymal and vascular structures as well as the ventricular system. Color-coded representation of blood flow in the cerebral vessels allowed unequivocal identification of the circle of Willis within the anatomic black-and-white B-mode image of the parenchymal structures. In Doppler mode, vascular blood flow phenomena may be analyzed semiquantitatively using the Doppler frequency spectrum. This noninvasive, serially applicable, mobile bedside method may complement conventional neuroradiologic imaging methods, allowing on-line studies of functional processes within the adult brain. {Stroke 1990;21:1680-1688) S ince Pape et al 1 reported two-dimensional sonographic illustration of cerebral damage in preterm infants in 1979, B-mode ultrasound scanning of the infant brain has become a standard pediatric examination method. The adult brain with its intact skull remained inaccessible to sophisticated ultrasound investigation until the pioneering work in 1982 of Aaslid et al, 2 who described pulsed-wave transcranial Dopplersonography. Recently, Schoning et al 34 indicated that B-mode sonography of the central nervous system (CNS) is feasible through the intact temporal plate of the adolescent and adult cranium. As a further development, we introduce transcranial color-coded real-time sonography of the adult brain and describe the application techniques, ultrasound anatomy, and feasibility in an adult population.
S ince Pape et al
1 reported two-dimensional sonographic illustration of cerebral damage in preterm infants in 1979, B-mode ultrasound scanning of the infant brain has become a standard pediatric examination method. The adult brain with its intact skull remained inaccessible to sophisticated ultrasound investigation until the pioneering work in 1982 of Aaslid et al, 2 who described pulsed-wave transcranial Dopplersonography. Recently, Schoning et al 34 indicated that B-mode sonography of the central nervous system (CNS) is feasible through the intact temporal plate of the adolescent and adult cranium. As a further development, we introduce transcranial color-coded real-time sonography of the adult brain and describe the application techniques, ultrasound anatomy, and feasibility in an adult population.
Subjects and Methods
We examined 52 individuals (13 normal healthy controls and 39 neurologic patients without CNS involvement; 17 women, mean age 51.7 years and 35 men, mean age 46.9 years). Duration of the bedside examinations varied from <5 minutes for the initial screening to 30 minutes for a complete sonographic evaluation.
We used a phased-array ultrasound system with color-coded blood flow representation (Sonoline CF, Siemens AG, Erlangen, F.R.G.) combined with a special 48-element, 2.25-MHz 90°-sector probe. Real-time (B-mode) sonography was performed with high frameto-frame averaging (ratio of memory information to new information 60% : 40%). Blood flow velocity and direction were displayed in real time as color for every pixel within a selectable subsector of the image. Blood flow toward the probe was displayed as shades of red/yellow and that away from the probe as shades of blue/turquoise. The colors were superimposed on the anatomic black-and-white B-mode image. 5 -7 High temporal and spatial averaging of the image information signal were selected to achieve a high sensitivity for low blood flow velocity and a low signal-to-noise ratio. A detectable velocity range of -30 to +30 cm/sec was selected to allow higher blood flow velocities to be visualized by the so-called color wrap-around or "aliasing" effect; when blood flow velocity exceeded the pulse repetition frequency (the Nyquist limit), color representation flops to spectral shades of the complementary display. In Doppler mode, a sample volume of 4-6 mm 3 was selected as a good compromise between resolution and sensitivity. During Doppler-mode scanning, the B-mode image was refreshed every 2-8 seconds to check placement of the Doppler-mode sample volume. The Doppler unit's calculation program allowed the determination of maximum systolic and diastolic blood flow velocities.
Quality of the Doppler signal and the real-time display depend on prior identification of optimal acoustic bone windows, areas of minimal energy absorption. Cranial ultrasound scans are performed 
Results
In three subjects (two men and one woman) identification of CNS structures by transcranial colorcoded real-time sonography was not feasible due to bone thickness. We found no significant differences due to sex or age. Patient examination data are summarized for the parenchymal, bone, and vascular structures and the ventricular system in Table 1 .
Insonation through the preauricular acoustic bone window in the axial scanning plane was achieved, allowing identification of mesencephalic structures, in all subjects. The cms cerebri, the aqueductus cerebri, and the tectum ( Figure 2 ) could usually be delineated. Pontine and cerebellar structures were identified in 46 subjects (Table 1) and coronal scanning planes by directing the ultrasound beam to the posterior fossa; however, the fourth ventricle was never identified. Moving the ultrasound beam up to the diencephalic plane, the thalamus, hypothalamus, basal ganglia, and internal capsule ( Figure 3 ) could be identified. The basal ganglia and internal capsule were detected in 11 subjects, whereas the thalamus and hypothalamus were visualized in 45 ( scanning planes complemented each other in the localization and identification of diencephalic structures; the hypothalamus and ventricular system were preferentially visualized in the coronal planes and the thalamus, internal capsule, and basal ganglia in the axial planes. The frontal lobes (visualized in 41 subjects, Table 1 ) were frequently examined through the contralateral anterior frontotemporal acoustic bone window, and the temporal lobes (visualized in 49 subjects, Table 1 ) from standard probe positions. High parietal structures were depicted in the coronal scanning plane, occipitopolar and frontopolar brain areas in the axial planes. Parenchymal structures close to the cortex were best illustrated from contralateral probe positions.
Bone structures assisted in the identification of parenchymal architecture in B-mode imaging. The minor wing of the sphenoid bone, the petrous bone (Table 1) , and the contralateral skull were always recognized (Figure 4 ), as were the falx cerebri and the tentorium cerebelli ( Table 1 ). The orbital base of the skull could be analyzed in the coronal scanning plane from a homolateral frontotemporal probe position in 41 subjects ( Table 1) .
The intracranial segment of the internal carotid artery (shown in red) and its bifurcation into the middle (shown in red) and anterior (shown in blue) cerebral arteries (Figures 4 and 5 ) could be identified in the axial or coronal scanning planes. Within the bifurcation, specifically in young individuals, an aliasing effect (Figure 4 ) is frequently observed due to blood flow velocity exceeding the Nyquist limit. This phenomenon could be distinguished from turbulent blood flow by analyzing the Doppler frequency spectrum. Axial or coronal scanning was applied to the middle cerebral artery; the Ml segment was imaged in 49 subjects and the M2 segment (shown in red) in 25 ( Figure 6 , Table 1 ). The Al and A2 segments of the anterior cerebral artery (shown in blue) as well as the anterior communicating artery ( Figure 6 ) were identified in 49, 21, and nine subjects, respectively ( Figure 6 ) were visualized in all 49 subjects in the axial scanning plane (Table 1) . Ultrasound examination of the distal segment and head of the basilar artery was feasible in only five subjects (Table 1) by scanning through the preauricular acoustic bone window in the coronal plane and tilting the probe caudally. The Doppler mode provided detailed quantification of intravascular blood flow by analyzing the Doppler frequency spectrum after identifying the vessel on B-mode images (Figure 7) .
The ventricular system was examined by initially identifying the aqueductus cerebri, an echodense round area between the posterior portions of the mesencephalic brain stem, in the axial scanning plane. In 45 subjects (Table 1) the frontal, temporal, and occipital horns of the lateral ventricles as well as the cella media region and the third ventricle were detectable (Figure 8 ). Monro's foramen was delineated in three subjects (Table 1) .
Discussion
Transcranial color-coded real-time sonography is a new noninvasive and mobile bedside diagnostic method with no inherent patient risk and unlimited repeatability. Aside from a two-dimensional depiction of the cerebral parenchymal and vascular structures, this technique allows for the first time a real-time display of the adult brain through the intact skull. Intracranial dynamic processes (e.g., the hemodynamics of cerebral blood flow) can be investigated using this new ultrasound procedure. 8 " 10 Aside from imaging structural alterations, transcranial colorcoded real-time sonography illustrates functional pathology. Undoubtedly, the anatomic resolution of this technique is inferior to that of conventional neuroradiologic imaging techniques such as cranial computed tomography (CCT), magnetic resonance imaging (MRI), and angiography; however, the simultaneous depiction of structural (on color-coded B-mode images) and functional (on Doppler-mode images) changes by transcranial color-coded realtime sonography opens a new dimension in the diagnosis and follow-up of CNS pathophysiology. Although this technique requires an experienced investigator, it is relatively easy to perform as a time-saving and reliable diagnostic procedure, especially in uncooperative patients.
Optimal results with transcranial color-coded realtime sonography of adults are obtained employing the preauricular acoustic bone window, as with transcranial Doppler sonography. 2 This standard bone window may be complemented by the supra-auricular, retroauricular, and frontotemporal windows, as shown in Figure 1 . Through these various acoustic bone windows, the coronal, axial (Figure 1, b, c, and d) , and oblique planes were scanned, allowing morphologic identification of supratentorial and infratentorial CNS structures. The axial and coronal scanning planes show a distorted geometry and asymmetric CNS structures due to tilting of the probe (Figure 3) . Obviously, interpretation of such images requires some training of the examiner's three-dimensional anatomic conception because ultrasound sections are noncongruent with CCT and MRI slices. Although this spatial distortion-in conjunction with relatively poor fine resolution -is clearly a disadvantage of all B-mode ultrasound methods, transcranial color-coded real-time sonography has been accepted in clinical medicine because of its aforementioned qualities of simultaneous structural and functional depiction.
The 2.25-MHz transducer provides the range of penetration required for the examination of adults As expected, the ultrasound anatomy of adults corresponds to that of children.
812 - 14 However, we detected minor differences. The lateral ventricles tend to appear oval in adults, compared with a sickle-shaped and narrow configuration in children. 812 In addition, the internal capsule and the hippocampus/fornix formation are more echogenic relative to the surrounding parenchyma in adults 13 ( Figure 3) . The echodense vermis cerebelli, a structure of orientation in pediatric sonography, could not be identified in our subjects. 1314 The color-coded resolution of blood flow in the intracranial vessels of adults was obviously inferior to that in infants. 20 -22 Illustration of the C3 segment of the carotid artery, the vertebral arteries, and distal segments of the main cerebral arteries was not feasible in adults.
Reasons for this may be thickness of the adult skull, a different scanning approach (through the anterior and posterior fontanels and the thin temporal bone in children), and the use of a 5-MHz transducer in infants. In contrast to the case in infants, the cerebral venous system could not be identified using the 2.25-MHz transducer in adults due to low venous blood flow velocities (minimal detectable blood flow velocity is approximately 30 cm/sec with a 2.25-MHz probe compared with 6 cm/sec with a 5-MHz probe). Intraoperative ultrasound examination of the adult brain has been described since 1980. [15] [16] [17] [18] [19] Recently, color-flow Doppler imaging was applied to intraop- erative monitoring of arteriovenous malformations and aneurysms. 15 The fact that in 49 of 52 subjects the central parts of the circle of Willis (Al, Ml, PI, and P2 segments) were identified shows that transcranial color-coded real-time sonography is a suitable method for routine diagnosis in adults. Obviously, peripheral branches of the large cerebral arteries were less frequently imaged (Table 1) . A further major advantage of this technique over conventional transcranial Doppler sonography is the on-line identification of cerebral arteries within the parenchymal anatomy, as depicted by B-mode ( Figure 7 ). This allows unequivocal identification of the middle and posterior cerebral arteries, which may be difficult using conventional transcranial Doppler sonography. In addition, precise determination of blood flow velocity requires an angle correction, which may be supplied only by transcranial color-coded real-time sonography.
This technique provides the unique opportunity for simultaneous real-time analysis of morphologic and functional parameters in adult CNS pathophysiology. In spite of its obvious drawbacks (mainly its low spatial resolution and distortion) compared with conventional neuroradiological imaging techniques such as CCT, MRI, and angiography, transcranial color-coded real-time sonography offers new perspectives for routine clinical and scientific issues of diagnosis and follow-up of brain pathology. Because of its advantages (it is a noninvasive, rapid bedside procedure), transcranial color-coded real-time sonography will have a place in initial emergency diagnosis, mainly of cerebrovascular diseases such as stroke and parenchymal and subarachnoid hemorrhage. uous real-time examinations, initial therapeutic interventions (e.g., thrombolytic therapy) may be closely monitored. Acute disturbances of the cerebrospinal fluid circulation may be diagnosed, and the effects of ventricular drainage may be observed. In addition, transcranial color-coded real-time sonography is suitable for the diagnosis and follow-up of patients with vascular and neoplastic CNS disease, as well as for intraoperative monitoring.
